Abstract An incident involving a radiation dispersal device (RDD) would most likely occur in an urban or metropolitan area. However, the majority of radiochemical separation schemes available have been developed for environmental samples that are not necessarily representative of those found in an urban environment.
Introduction
Increased terrorist activity over last 20 years has resulted in growing concern that a radiation dispersal device (RDD) could be used in a terrorist attack [1] . While it is generally accepted that an RDD would not cause the physical devastation of a fission device, the use of one would likely cause significant public panic and economic disruption, as well as long term loss of property use [2] [3] [4] . Radioisotope thermoelectric generators (RTGs) are large sources, often comprised of 90 Sr, which were commonly used to power remote outposts and navigational beacons in the former Soviet Union. Since the fall of the Soviet Union in the early 1990s, significant efforts have been put forth to remove and secure these high activity (10 5 -10 6 Curie) sources. While progress has been made, prolonged minimal security has found many of them vandalized or otherwise damaged and a few of them missing [5] . In addition to the security factors, 90 Sr is chemically very similar to Ca, which causes strontium to be sequestered in bone and have a long biological half-life if ingested/inhaled [6] [7] [8] . 90 Sr and its daughter 90 Y are also both pure beta emitters, which means quantification of the radioactive material dispersed by an RDD will typically require isolation from the debris field.
There are a variety of procedures for isolating strontium from different types of samples. A good overview of both the classical precipitation with fuming nitric acid and the newer solvent extraction (SX) and extraction chromatography (EC) methods has been published by Vajda et al. and establishes that the EC methods tend to be the fastest and simplest methods available [9] . Recently there have also been a number of methods published using combinations of EC resins to rapidly separate both strontium and the actinides from various materials [10] [11] [12] [13] [14] [15] [16] . While these procedures do an excellent job of isolating 90 Sr for quantification, only one applies to steel, and this still requires significant effort to eliminate most of the steel components prior to separation [17] .
Steel is a building material commonly encountered in urban environments. Though it may not always be found in plain sight, it is present in most concrete structures in the form of reinforcing bars. It is also regularly used in
highway overpasses, signs and traffic signals, cars, trains, power generators, tools, decoration/finishing on the outside of buildings, and myriad other uses, each of which has its own set of physical requirements. Because steel is used in such a variety of ways, each having its own physical demands, there are more than 3500 different grades of steel each with a distinct chemical composition [18] . Fortunately, these can be loosely divided into three categories by composition: carbon steel, alloy steel, and stainless steel. Carbon steel is by far the most common type of steel and is limited to less than 1% carbon, 0.6% copper, 1.65% manganese, 0.4% phosphorous, 0.6% silicon, and 0.05% sulfur [18, 19] . Stainless steels are also common and contain significant amounts of chromium (10-20%) alloyed with smaller amounts of nickel (trace-8%) and trace levels of other elements, such as aluminum, titanium, or molybdenum [18] . Alloy steels fit between these two, exceeding the specifications for carbon steel and often containing other elements, but having a chromium content lower than stainless steels [19] . Despite the abundance of steel in construction (including nuclear reactors), very little information is available on the effects its presence may have on extraction chromatographic strontium separations. The only data found is in the paper originally describing the resin for use in nuclear waste streams [20] . This study indicates that aluminum, chromium, manganese, nickel, and copper are entirely eluted in the first five free column volumes, but no detailed study of their impact on strontium retention was ever carried out. The study also kept each of the constituents it analyzed (34 in total) to less than 10% of the column capacity. In the case of an RDD detonation, the concentrations of various steel components could potentially be much higher than that. This research tests the uptake of strontium in the presence of high concentrations (up to 1 M) of several steel components to ensure that the separations will still be possible in a post-detonation scenario.
Experimental Materials
Because of the complexity and variation found in steels used in different applications, the number of elements analyzed in this work was pared down using two criteria: ionic radius [21] and abundance in various steel types [18, 19, [22] [23] [24] [25] [26] . These parameters were used because the resin extracts the neutral strontium nitrate species by coordinating the metal in the cavity of a crown ether ring, meaning ions likely to be retained by the resin would be closer in size to strontium. In addition, if an ion is abundant enough in steel and is concentrated enough in the dissolved analyte, even a relatively small effect could overwhelm the resin. Based on these two criteria, the ?2 metals nickel, copper, and manganese, and the ?3 metals chromium, iron, and aluminum were selected for analysis.
All resin loaded with 40% w/w of a 1.0 M 4,4 0 (5 0 )-di-tbutylcyclohexano 18-crown-6 in 1-octanol solution was obtained from Eichrom Technology (Lisle, IL) in the form of their commercially available Sr-Resin products. All batch studies were carried out using the 50-100 lm particle size resin, and column studies were performed using 2 ml vacuum columns in conjunction with a vacuum box, also obtained from Eichrom. All resin products were used as received. 85 3 and HCl before being evaporated to dryness and reconstituted in 3 M HNO 3 for use. SRM 361 is AISI 4340 alloy steel and SRM 14f is AISI 1078 carbon steel, both in the form of 0.5-1.18 mm chips [22, 24] .
Procedure

Batch studies
Batch studies are a simple and reliable way to quantify the separation capabilities of commercially available resins. By measuring the activity in the solution before and after contact with the resin, the weight distribution value of the resin can be determined. This value can, in turn, be converted to the chromatographic capacity factor (k 0 ) which is defined as the number of free column volumes (FCV) required to reach the peak maximum of the elution curve for a given column of the resin. Both of these values are determined using equations outlined in Horwitz et al. [20] .
For the batch studies performed in this research, 50 mg of Sr resin was weighed out into a 2 ml microcentrifuge tube, then 0.4 ml of 3 M HNO 3 was added to precondition the resin. The tube was capped and placed on a shaker table for 1 h to equilibrate. Following this, 0.8 ml of the appropriate prepared salt solution was added to the mixture, as well as 0.4 ml of the prepared 85 Sr solution. The sample was then placed back on the shaker table and agitated for an additional hour. Once mixing was complete, the aqueous content of the tube was separated from the resin using a 0.45 lm PTFE syringe filter. A 1 ml aliquot of the filtered solution was then taken for radiometric analysis. The remaining solution was preserved and eventually diluted in 2% v/v nitric acid for determination of the remaining stable salt concentration via inductively coupled plasma-optical emission spectroscopy (ICP-OES). Each concentration in each batch study was investigated in five replicates.
Column studies
Column studies were carried out to ensure the data collected in the batch studies accurately transferred to real-life use of the resin. For these studies, the columns utilized were 2 ml vacuum-flow columns dry packed in the factory and used directly out of the packaging. These were utilized in conjunction with a vacuum box, also obtained from Eichrom. Per manufacturer specifications, each column was pulled to dryness for the collection of each fraction and one FCV was assumed to be 1.4 ml. The columns were preconditioned with 5 ml of 3 M HNO 3 . Once the column was preconditioned, salt solutions and radiostrontium solutions were added to the column reservoir simultaneously. The resulting mixture was then pulled through the column at a rate of approx. 1 ml min -1 to load the column, collecting the effluent from this step in its own container. The column was then rinsed with 30 FCV of 3 M HNO 3 at 2-4 ml min -1 , collecting five FCV in each fraction. Finally, the column was stripped with 10 FCV of 0.05 M HNO 3 at 1 ml min -1 , again collecting five FCV in each fraction. All fractions were collected in 20 ml high-density polyethylene liquid scintillation vials. Each fraction then underwent radiometric analysis.
The elution strategy using 3 M HNO 3 was established by Horwitz et al. [20] . in the early 1990s and is considered adequate for the separation of strontium, though subsequent procedures have often called for higher concentrations of nitric acid in the rinse phase to increase the retention of strontium on the resin. For the sake of this study, the original procedure was utilized to ensure a minimum baseline for the retention of strontium. It is assumed that procedures using higher concentrations of nitric acid or smaller rinse phases would have better/more quantitative results. All error bars and citations of error contained in this paper represent 1r standard deviation based on the replicates analyzed.
Measurement
Gamma spectroscopy was performed using a WIZARD 2 2480 automatic gamma counter from Perkin Elmer Inc. (Waltham, MA) . The instrument was equipped with a 3-inch well-type NaI(Tl) detector contained in a 75 mm solid lead shield for background reduction. Samples were counted in 13 mm diameter culture tubes for 1 h, unless the total number of counts in the counting window reached 40,000 (0.5% error). 63 Ni, being a pure beta emitter, was measured using liquid scintillation. All of these samples were counted on a TRI-CARB 2800 TR liquid scintillation analyzer from Perkin Elmer Inc. using Ultima Gold AB LSC Cocktail.
Stable nuclides were assayed using an Optima 8000 ICP-OES spectrometer from Perkin Elmer Inc. All samples were analyzed with the plasma, auxiliary, and nebulizer gasses running at 8.0, 0.2, and 0.7 l min -1 , respectively. The RF power was 1500 W and the peristaltic pump flow rate was left at 1 ml min -1 for all samples.
Results and discussion
Batch studies
After an initial characterization of the resin, it was determined that the gain in retention at concentrations greater than 3 M was minimal and all batch studies and column loading in this research therefore utilized 3 M HNO 3 . The baseline chromatographic capacity factor for the resin under these conditions was 59.1 ± 1.1. Each metal salt was investigated at concentrations of 1.0, 0.5, 0.25, 0.1, 0.05, 0.01, 0.005, and 0.001 M in order to cover a vast range of possible concentrations that could be seen after the dissolution of steel. Upon analysis, synergistic trends were observed with the increase of the salt concentration. Figures 1 and 2 show how the k 0 value for strontium changes when varying the concentration of the associated ?2 and ?3 metal salts, respectively. This trend is most likely due to the phenomenon known as ''salting out,'' which is described in detail in Braun and Ghersini [27] . Salting out occurs when charged ions sequester water molecules in their solvation sphere. This effectively increases the concentrations of the remaining analytes and the likelihood that they will be able to recombine with (in this case) a nitrate anion in solution to make the neutral species. Indeed, it is often suggested to add Al(NO 3 ) 3 to load (and occasionally rinse) solutions to increase the retention of strontium on the column for this reason.
Because salting out is dependent on the analytical activity of the solution, which tracks with ionic strength, all of the data points in Figs. 1 and 2 were plotted against ionic strength, shown in Fig. 3 . This plot also includes the retention data obtained when increasing the ionic strength of the solution by adding only nitric acid. When mapped in this way, all of the ions analyzed appear to follow approximately the same trend with the exception of nickel, as demonstrated by the R 2 value in Fig. 3 . Also notable, the increase seen when only the nitric acid concentration is increased is significantly less than what is seen with the addition of the majority of salts. This means that the increase in retention seen as a result of increasing salt concentrations cannot be explained by the increase in nitrate anion present in solution alone and strengthens the argument for salting out. It also appears to indicate that nickel is the only constituent analyzed that does not cause a salting out phenomenon. Based on these measurements, it actually appears as though nickel could cause a slight decrease in strontium retention at high concentrations (with respect to the increased extraction caused by the increase in nitrate anions from the salt).
Analysis of the various samples via ICP-OES indicated no observable uptake of any of the steel components by the resin at the concentrations examined, which is consistent with salting out occurring. Because nickel behaved differently than the rest of the components, it was also analyzed individually for uptake with a 63 Ni tracer to achieve a lower limit of detection. This study also indicated no appreciable uptake of nickel, even at concentrations as low as 10 -10 M (18 Bq ml -1 ). Batch studies were also carried out using dissolved SRMs. SRM 14f was a carbon steel, and SRM 361 is a low alloy steel containing chromium, nickel, and molybdenum. Each was dissolved using a mixture of HNO 3 and HCl. The resulting solutions were then filtered, evaporated to dryness, and re-dissolved in concentrated nitric acid twice to ensure conversion of all remaining salts. These solutions were again evaporated to dryness and the remaining salts were dissolved using 3 M HNO 3 . The batch studies of each of these materials show synergistic effects matching those seen for the individual constituents (Fig. 4) .
Column studies
Because each of the steel components, excluding nickel, behaved similarly to iron and because iron constitutes greater than 90% of most steels, it was deemed satisfactory to only analyze iron and nickel individually in the column studies. In addition to these constituent studies, column separations were performed using the same dissolved SRMs spiked with 85 Sr described above. In all of the column studies, the interference was studied with load fractions containing 1 M concentrations of the individual constituents. In the case of the SRMs, the solutions were diluted such that the most abundant element (iron) was present at a concentration of 1 M. The column study results are shown in Fig. 5 and indicate that neither the individual constituents nor the dissolved SRMs cause significant premature breakthrough of the strontium while the recovery in the elution fractions remains high. The recovery data can be found below, in Table 1 .
Conclusions
This work shows that strontium can be effectively separated and analyzed in the presence of some common steel components using extraction chromatography. It also demonstrates that such a separation can be carried out without removing any of the steel constituents prior to Sr extraction on the resin and that the most common steel components will actually cause an increase in the extraction capabilities of Sr resin, most likely due to a salting out effect. One common constituent of steel (nickel) behaved differently than the others in the systems investigated. This work was able to show that the different behavior of nickel did not arise from it being retained by the resin, though a definite reason for the differences was not discovered and will require further experimentation. Fig. 5 Column elution profiles for strontium with steel matrix constituents or dissolved SRMs. Constituents were present in the load solution at 1 M. SRM load solutions were diluted such that iron was at 1 M 
